Differences in seed vigor of four genotypes of nmize (Zea mays L.), brittk-l (btl), shrwnken-2 (sh2), sugary (s), and normal, in an isogenic background, were investipted. Excised whole embryos and axes were
sugars increase 10-fold over normal and 4-fold over su at the denting stage with most of this increase due to sucrose (14) . Starch levels in sh2 are greatly reduced throughout development compared to su and normal (4) . Starch synthesis is reduced in sh2 due to low amounts of ADPG pyrophosphorylase (6, 23) . These high-sugar mutants demonstrate superior postharvest sugar retention (10, 22) .
A major limiting factor to the acceptance and success of sh2 hybrids is their poor seed and seedling vigor. Germination and seedling vigor measurements of sh2 are significantly lower in both laboratory and field tests in comparison to su, btl, and normal (20) . The seeds of sh2 are smaller, lighter, have a lower endosperm to embryo dry weight ratio than su or normal (24) , and are very susceptible to fungal rots during germination in the field (2) .
The cause of low seed and seedling vigor in the sh2 genotypes may be due to several factors, such as a smaller endosperm, susceptibility to pathogens, or smaller embryo. Selection among lines containing the sh2 genotype is effective for improving seed quality (1) . Genetic susceptibility ofsh2 to infection by Fusarium moniliforme reduces seed vigor to some extent (19) . Respiration rates (24) and ATP levels (20) of germinating seeds of sh2, su, and normal do not account for the growth differences among the genotypes. Wann (24) Table IV . Each value is the mean of 10 replicates of four embryos/dish ± SE.
Embryonic axes or whole embryos (axis plus scutellum) were removed and surface sterilized as described above; axes for 1 min and whole embryos for 5 min. Four axes or embryos were embedded per plate and incubated upright at 25°C for 5 d. After this period, germination, seedling lengths, and seedling dry weights were determined.
RESULTS
Germination was lower in sh2 than the other three genotypes in the rolled towel test, whereas both btl and sh2 germinated poorly in the cold soil test (Table I) . Germination of su declined slightly under stress conditions but normal germinated at higher than 90% in both tests. Seedling lengths did not reflect growth rate (vigor) differences between genotypes.
Seeds of normal had greater total seed weights primarily resulting from a heavier endosperm than the other genotypes (Table II) . Shrunken-2 seeds were lightest in weight, mainly due to the lack of endosperm. Embryos of sh2 weighed half as much as embryos of normal. Based on percentage of the total seed, the embryo and pericarp make up a larger portion of the sh2 seed than they did of the other genotypes. Differences in endosperm as a percentage of total seed weight were less obvious, 65% for sh2 and 77% normal.
The lowest starch and highest sugar levels were measured in sh2 seeds (Table III) . Starch contents in su and normal were similar whereas total sugars in the latter genotype were half as much as any of the others. Whole embryos (axis + scutellum) of sh2 also contained the least amount of starch but had less sugars than su embryos. The intermediate to the other genotypes in embryo carbohydrate levels while normal was lowest. Sucrose was the predominant sugar found in both seeds and embryos of all four genotypes. When whole embryos were cultured on MS media with or without sucrose, only btl embryos exhibited an increase in all three growth parameters at the lowest concentration of sucrose (Fig. 1) . Shrunken-2 embryos had the lowest germination of all genotypes, while normal embryos exhibited the highest germination. Seedling lengths of all four genotypes increased over the range of 0 to 5% sucrose. At 10%, however, a sharp decrease in seedling length was noted, possibly due to an osmotic effect of sucrose. Seedling dry weights of sh2 did not increase until 5% sucrose was added to the media. Normal and su seedlings had no increase in dry weight until 5% sucrose was incorporated into the media. Normal embryos had the highest germination and seedling lengths of all genotypes when grown on a sucrose-free medium.
Embryonic axes (no scutellum attached) ofeach genotype were able to germinate and grow to some extent when placed on a sucrose-free medium (Table IV) . Axes of high-sugar mutants (sh2 and btl) produced shorter seedlings than did axes of su and normal on media without sucrose. The lowest germination occurred in sh2 axes. Additional sucrose improved germination in sh2 and normal. Seedling lengths of all genotypes were increased by the addition of 5% sucrose in the medium, but were somewhat shorter at 10% sucrose than at 5%. Dry weights of all seedlings were increased dramatically in the presence of sucrose. However, without sucrose in the medium, axes of btl, sh2, and su had a net increase in dry weight, while normal axes had a net loss.
Ground endosperm was incorporated into the media to evaluate the effectiveness of the mutant endosperm to support embryo growth (Table V) . Regardless of the type of endosperm used, sh2 embryos germinated and grew poorly. In particular, sh2 embryos appeared to utilize normal endosperm the least of any endosperm tested. The sh2 endosperm was not able to support the growth of sti and normal embryos, although btl embryos grew well on this endosperm. Normal embryos were also unable to effectively use btl endosperm, thus indicating a general inability ofembryos from seeds containing relatively high levels of starch to utilize high-sugar mutant endosperms.
On a commercial corn starch media, germination of sh2 embryos was extremely low (Table VI) . Seedling lengths of this genotype were 30% to 48% of those derived from the other genotypes. The sh2 germlings had a greater loss in dry weight than the other genotypes, indicating a possible inability to use this carbohydrate source as efficiently as sucrose (Fig. 1) , especially when compared to normal embryos.
DISCUSSION
Previous work has demonstrated the weak seed vigor of highsugar endosperm mutants, such as sh2 (17, 20, 24) . Fungal pathogens are known to reduce germination and plant stand of sh2 hybrids (2) . Increased amount of leaching from the seed (18) may stimulate fungi located in the soil or on the seed to grow and attack the germinating seed. Increased susceptibility due to higher sugar and moisture contents of sh2 kernels during development can lead to infection by Fusarium moniliforme and can reduce seed vigor (19) . However, noninfected sh2 seeds germinated significantly less than noninfected su seeds under cold soil conditions (19) , indicating that some other factor(s) might also contribute to poor seed vigor.
Possibly, the poor seed vigor of sh2 is directly related to a starch deficient endosperm which cannot sustain early seedling growth (24) . The lower starch content results in a collapsed, shrunken seed with a low endosperm to embryo ratio. Yet, seeds of sh2 imbibe water at a faster rate (18) , respire at a greater rate up to 4 d after initiation of imbibition (Styer, unpublished data; 24) , and produce more ATP during this period than do su, btl, or normal (20) .
Carbohydrate hydrolysis in the endosperm is not initiated for at least the first 48 h of germination (13); soluble sugars in the embryo may be quickly used (24) as may be lipids (7) and proteins (15) . This demonstrates the importance of stored reserves in the embryo for early seedling growth. When axes were cultured on MS media without sucrose, su and normal grew better than sh2 and btl; however, differences between genotypes decreased when whole embryos were similarly cultured. In any event, growth of embryos on culture media was vastly improved by the addition of sucrose, regardless of genotype. Total germination was generally also improved by sucrose addition. Yet, regardless of sucrose concentration, germination and vigor (growth) of sh2 whole embryos or isolated axes never matched that of the other three genotypes.
When embryos were excised and cultured on media containing ground endosperm of each genotype, sh2 had reduced seedling lengths and germination compared to the other genotypes, regardless of the source of endosperm used in the culture. This difference was further amplified when sterilized commerical corn starch was utilized as the carbohydrate source in the media.
Seedling growth of sh2 embryos was one-half to one-third that of the other genotypes. Tilton (21) suggests that the scutellum synthesizes or provides a growth factor which is the initial stimulus for hypocotyl and root growth during germination. The scutellum is important not only in storing reserves but in producing and secreting enzymes and translocating metabolites to the growing axis (8) . Even though the embryo may not be necessary for the development of a-amylase activity in the endosperm (1 1), considerable quantities of this and other carbohydrases must be released from the scutellum, as evidenced by the growth of normal embryos on starchy media. Also, carbohydrate conversions of sugars take place in the scutellum as the products of starch breakdown are moved to the embryo for utilization and growth.
The poor growth of sh2 embryos on ground endosperm and starch media may indicate some type of dysfunction of the scutellum or axis in relation to carbohydrate metabolism and/or utilization. This, in part, with a starch deficient endosperm and, in many cases, with an association with pathogens during seed development and germination, may lead to the poor seed vigor observed in sh2 endosperm maize mutants.
